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Fig.1 Typical bolt-connected joints

1 2RERETRREMFIK TR E
T R iiE

ABIF 5T A BA A H 4 2 TC = A7 TR g 1 A B
ZE R4 A 2 (fully assembled modular construction-reinforced
concrete, FAMC—RC) , J2 Hi il | Y 5 A Huii 1 R A 34
FIA T R — FPEE A AR R, AR 2 R o T TR B 1
BT T RARGEIN, o 1 FEAREE R A &, SR TS

A I , 5 PR S ORI A, T 9 R B LA
JEARAR b o DA A BIREE M g e T3 R, K A
] 3492 150 R P A 3 12200 3 TR, KT e 34
W HIRSCE R MR AR TR B AL, IR SCE A
BT AR R AR SRR B TS (RO , #54 T
FLAR A FLBE EAE AR RS AR (F-FLI) , i id
FPABRFFSCEL b N 2R 181 1 3 T, b iR
JE, BIABE IR  H WG B, D IR L EAS

R0} ERG

R4 )

P I U

o Cemee)

2 EREBRTRIRGH
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Fig. 3 Construction of horizontal bolt-connected joints

2 RIEHEER
R
P K TS8R T A R T 2, LR LA S

2.1

FELL ER LA S BN A i, ST 13 i, Wk 1.
ke

v, w5 5% ey B2 RN 3B 5 1 19 2 ROk Fok A TR
A BRICII M i 45 2R S SR FLIEARAT BIAE I | [ 5 2 A
M- 5 I8 3, J5 PR f LR st HE BRI S 1 2

BRI RESZ MR 15 AU 22 P B < I SR R B A B B (45 2 e A7 a0 i B AR B Ol 140 mm, & i N
YEFSLIEMI BT ) 8L B AR SRR [t A bt 1 000 mm,
=1 AHES
Tab.1 Specimens information
By i e H/mm B/mm D/mm b /mm L3536 TRFLIEAR Jin#gr =X
TSSI 250 160 32 80 2 Ak ML
188 TSS2 200 160 32 80 2 B 4% ML
TSM1 250 325 32 80 2 FE ML
TSM2 225 325 32 80 2 FE ML
TSM TSM3 200 325 32 80 2 [B41: CL
TSM4 250 325 32 80 2 =4 CL
TSM5 250 325 32 80 1 [ 1% CL
TSLI 250 485 32 80 2 [ £1: ML
TSL2 250 485 40 60 2 i ML
TSL TSL3 250 485 25 80 2 R4 ML
TSL4 200 485 32 80 2 FE ML
TSL5 250 485 32 80 2 BRI & ML
TSL6 250 485 32 80 2 R & ML

T b AR SRR 12 mm; ML SRR JNEL; CL A nak .
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Fig. 4 Specimens reinforcement and construction details
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Tab.2 Material properties

Lip eSSt

HAR(E  JRRBRE S, DURGREE S, R

fE)mm  (N'mm ) (N'mm”) E/(N-mm
Q235 it 12 260 452 201 000
8.8 ¢ M20
20 780 860 201 000
R
12.9% M20
20 1 140 1290 202 000
Ly
HRB400 #91f; 6 442 636 200 000
HRB400 £9A; 490 634 202 000
HRB400 #94f; 10 469 656 201 000
HRB400 £{Afi 12 482 647 202 000
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200.9 KN Hif, 1 [ £ 17 15 25 A Al 22 ] F R 4 3k D
T, FHEOKERE BRI R AR T AN B

SRR TR 349 A v TR , 38 DX T
I A A P DI B AR R 05t X TR T
R TSM2 FEBRFF I 22 )5 SR b 1 o i S5 R B
Fe (O 8.8 i) 12.99) , 4 /M#ZE 198.2 kKN B, #/EF
FL T RIS SR Y KIE IR 345% |, kA= v Dk
PR AEMRRE L P, 3F TSLS M#% 2 202.3 kKN, 452
VEFAL B 2 BRA B (R TR - e e AT, B At
SABEVT R TR X I GG A J K, e kA v )
MR ABAR A A, il TSLS e s v, A
HBEEH TS METE , i ATRSE 124 8 mm.,



44 TREREESHEAR

%57 %

3.2 frEk-fUigahzk

Wl 8 SR 1 FE LR S AR IE [ 43 A B A AR TR
e A G T A A ) fip - B i & (F—A Hh 6D, LA
A F TSL1 A1 TSM3 A6l . LVDT-1 1 Disp-A 19 5255 E
AT, AR W O A /0N, TN 2 B ) Bt 9 B AL

250 —
F“ Y - /71 \(
L1 (13.00, 237.65)
200 F !
150
Z2
SR |
100 , —o— Disp-A
‘ | —o—LVDT-1
5044 F7 | ——LVDT-2
0 0 L 1 1
( )o 4.5 10 4, 15 20
A/mm
(a) BRI TS, SR 1)
200
150 F
§ 100 F
Sy
50 F
——TSM3
— — TSM3{ugsk
0 1

0 5 10 15 20
A/mm

(b) IEFAER N (AFTSM3, BREE T
8 AREIMEHFGNTHREX A F-ABhZ
Fig. 8 F-A curves of typical specimens under different
loading modes

W E 8 (a) fir i, A I ad 2 A 35 4 A B B
D) TN S35 SR B 5 2) e i BE 5 3) w24 5% TAE B
) WK BE o e ), XPURAT At 24 30 kN %% 7, LABE
PR K SP3BT AT ) S PR AZ 1 O 5 4o 2RI T
B IIF, $r 07 32 i A IR A, NI B M20 SR AT
NI BE (OA BE) 5 3 105 7 05 FF ARk A S o B, iz if
AT bE T E S R (4B BY) s P sk (F,) 5
B — 2544 (B A5 B BUAR X B, o 0 (B far 3 (F) 1)
30%~40%; far 2% 4k &k & T+ 2 1R 09 A R R 2R
(237.65 kN, C 1) s FESIAME N B B (BCEL) , F-A 1K
LRI b T A S, R R R T R B
Jei A SRR I I R A R IR O 8 (b) R T
A IR R FoABhER  FEMTA 45 2R o %
2R a5 R R PR R SR A — B

P9 & H HLAth 4 RIS ) F-a i 2k X
i £ DR i e 1 222 B B o 5 BORR AL, T A
IV I AT L E D5 v i 2 DR DA R, 7R 2

DALY i
250 -
TFHEB: 1B IR
200 \
150 |
£
“~100 |
50 —o— Disp-A
—o—LVDT-1
] ——LVDT-2
% 5 10 15 20 25 30
A/mm
(2) IXFTSM2 (I 1)
250
200 f
150
z
=4
~ 100}
—o— Disp-A
50+ —o— LVDT-1
——LVDT-2
%% 5 10 15 20
A/mm
() IFTSLS (BRI
150
—o—Disp-A -
——LVDT-1
100 f
“
5
50+
oo
0 1 1 1 1 1
0 5 10 15 20 25 30
A/mm
(c) I TSS2 (WEAAELIV)
250 —o— Disp-A
—o— LVDT-1
200 f .
/| —>—LVDT2
150 f
z
<<
“~ 100}
50
% 5 10 15 20

A/mm

(d) IAFTSMI (BEFRBE V)
E9 BHEIFEN T AREIK a0 F-AfhZk
Fig.9 F-A curves of typical specimens under various fail-
ure modes



5551 P RH , 45 . 2L TR EE 1 B HEE R K S IR 1 3 sz P e RE I IR A 5T 45
3.3 RIEERTE B g, AT 2% 5 R B9 F-a gtk e il 10
Fe3 R T FERE LR, HoAP s W A LG 7R o FH 22 3 R0 10 /] 401, 1F i) A2 52 i 30y 2k A

RICH F-A M2 sk By Be (4B Bo) B Lk 05 2
RN AESh #0082 (Disp-A ) HLAT BEF- 1 (W ARAE L i
TE P A PR 9 i 252 8% i 2% EE A 24 32 F Disp-A

F14 U (L R 280 7 60 X B2 32 0 /) [ 41 8 A A0
W, 5 R 07 0T BRI T AR R A
J12EERE

R3 HBRERRDE
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. %31?;& TR A /mm méﬁﬁﬁ WE{ELAT A A /mm %}i iﬁN erjn E‘; f;)m / g ?t\
© Disp-A  LVDT-1 LVDT-2 v Disp-A  LVDT-1 LVDT-2
TSS1 33.00 1.87 1.66 0.44 110.98 18.38 19.31 15.76 13.95 \Y
TSS2 47.70 4.61 4.69 — 134.17 27.17 26.50 — 12.21 v
TSM1 84.20 3.41 3.39 1.19 200.84 11.35 9.13 4.54 24.52 A%
TSM2(8.8) 85.20 2.67 3.14 0.69 200.64 23.99 24.00 1.62 22.55 I
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TSM4 91.92 3.07 3.01 0.99 240.55 16.57 16.20 4.39 22.42 Il
TSMS 86.02 3.67 332 0.95 231.99 13.71 13.73 4.06 19.52 I
TSL1 103.50 4.15 5.19 0.78 237.65 13.00 12.42 2.38 23.29 I
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Fig. 10 Comparison of F—A curves under different load-
ing methods
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Experimental Study on Tensile Performance of Horizontal Joint Bolted Connections in Fully Assembled
Modular Construction Reinforced Concrete
RAN Mingming"?, KOU Guangyun', XIONG Feng"*", ZHANG Dongdong', LI Wei'

(1.College of Architecture and Environment, Sichuan University, Chengdu 610065, China;
2.Key Laboratory of Deep Earth Science and Engineering (Sichuan University), Ministry of Education, Chengdu 610065, China)
Abstract:

Objective Concrete modular buildings provide advantages such as strong structural integrity, high living comfort, and reduced construction and
maintenance costs. In modular concrete structures, the connections between modules play a decisive role in the overall structural performance.
The fully assembled modular construction reinforced concrete (FAMC —RC) system is composed of prefabricated concrete modules joined
through bolted connections, in which horizontal joints are primarily formed using high-strength bolts, steel spacers, and threaded sleeves. Current
investigations on the performance of horizontal connections in this system remain limited, particularly concerning load-transfer mechanisms, joint
configurations, and mechanical behavior. This study conducts tensile tests on 13 FAMC—RC horizontal bolted connection specimens with differ-
ent parameters to evaluate their tensile load-bearing capacity and deformation characteristics.

Methods Thirteen horizontal connection joint specimens were designed with key parameters that included concealed beam height, edge distance
width, bolt-hole diameter, and bolt-hole geometry. Each specimen contained a pre-embedded hand-hole bolted joint. Monotonic tensile loading
and forward cyclic loading tests were conducted on the specimens using a vertical actuator. A rectangular steel plate was pre-embedded at the
base of each specimen and anchored to a rigid ground surface through foundation bolts to provide vertical constraints to better simulate real engi-
neering conditions. A box-section loading beam was attached to the vertical actuator and connected to the specimen using high-strength bolts for
vertical load application. Monotonic tensile loading was controlled through a force-displacement hybrid method, whereas forward cyclic loading
was displacement-controlled. The tests were terminated when the tensile load-bearing capacity of the specimens declined to 85% of the peak load
or when significant failure phenomena were recorded.

Results and Discussions Five distinct failure modes were identified in the thirteen horizontal connection joint specimens under tensile loading:
Mode [, thread stripping or fracture of Grade 8.8 bolts; Mode II, conical punching shear failure of the concrete above the operating hand-hole;
Mode I, concrete crushing followed by conical punching shear failure above the operating hand-hole; Mode IV, net-section tensile failure at the
cross-section above the operating hand-hole; and Mode V , anchorage failure between embedded steel plates and vertical reinforcement. In
Mode I , when the load reached 180 kN, the growth rate of the tensile load-bearing capacity significantly decreased, accompanied by a distinct
plateau segment in the load-displacement curve, which indicated the yielding-strengthening behavior of Grade 8.8 bolts. The thread stripping fail-
ure occurred at 200 kN. Modes II and Il were both categorized as punching shear failures, differentiated by the presence of a 100 mm concrete
crushing zone prior to punching shear in Mode Il . Mode Il was characterized by the sudden widening of progressively extending diagonal
cracks above the operating hand-hole that developed into dominant failure cracks, corresponding to the maximum peak load-bearing capacity.
Mode Il displayed pronounced concrete crushing and spalling above the operating hand-hole before punching shear failure occurred. Under sus-
tained loading, diagonal cracks rapidly propagated along both edges of the crushing zone, ultimately producing punching shear failure with a rela-
tively lower peak load-bearing capacity. Based on the calculation theory of punching shear capacity, the reduced peak load-bearing capacity in
Mode Il compared to Mode I was attributed to the reduction in the effective height of the punching shear cone caused by the crushing zone,

which resulted in diminished anti-punching shear capacity. In Mode IV, when the load increased to 134.2 kN, abrupt fracture failure of the con-
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crete at the cross-section above the operating hand-hole of the specimen was recorded, with minimal cracking. This failure mechanism was attrib-
uted to the reduced edge distance width of the specimen, which lowered the net-section bearing capacity. Mode V, caused by poor welding qual-
ity between vertical steel bars and embedded steel plates, was regarded as non-representative of actual structural performance. Load-displacement
curves revealed four consistent stages across all failure modes: prestress loss, elastic loading, crack development, and brittle failure. No alteration
in failure modes was recorded in specimens subjected to forward cyclic loading, and identical mechanical behavior was demonstrated relative to
specimens tested under monotonic loading. The experimental results indicated that the tensile mechanical performance of the horizontal connec-
tion joints was governed by several parameters, including edge distance width (B), concealed beam height (), bolt-hole diameter (D), and bolt-
hole geometry. When H equaled 250 mm, increasing B from 160 mm to 325 mm enhanced the peak load-bearing capacity by 117% and the initial
stiffness by 61%, whereas for # = 200 mm, the same variation in B improved the capacity by 20% and the stiffness by 72%. Both parameters
reached stable states with negligible increments when B exceeded 325 mm. This phenomenon indicated that an edge distance width greater than
325 mm was sufficient to ensure full utilization of the joint’s tensile performance. For H increments from 200 mm to 250 mm in 25 mm intervals,
the peak load-bearing capacity exhibited quasi-linear increases of 23% and 24%, while the initial stiffness demonstrated limited improvements of
only 7% and 4%. This disparity confirmed the significantly higher sensitivity of load-bearing capacity to H compared to stiffness, making H aug-
mentation an inefficient approach for stiffness enhancement. Increasing D from 25 mm to 32 mm and then to 40 mm resulted in peak load-bearing
capacity reductions of approximately 3% and 22%, respectively, with stiffness variations confined to +5%, demonstrating that D < 32 mm pre-
served optimal joint performance. Specimens with cylindrical bolt-holes demonstrated the highest peak load-bearing capacity and initial stiffness.
In contrast, relative to cylindrical configurations, tapered bolt-holes reduced capacity and stiffness by 14% and 17%, while cylindrical-tapered hy-
brid bolt-holes caused reductions of 7% and 6%, respectively. Punching shear failure was identified as the most desirable failure mode for this
joint system. A punching shear capacity calculation formula was proposed, and discrepancies between calculated and experimental values were
maintained within 15%, demonstrating the rationality of the calculation method.

Conclusions The results show that the horizontal bolted connection joint under tensile loading can develop failure modes including bolt thread
stripping, concrete punching shear failure, combined concrete crushing-punching shear failure, and net-section tensile failure. The tensile perfor-
mance of the joint is governed by edge distance width (B), concealed beam height (), bolt-hole diameter (D), and bolt-hole geometry. Within de-
fined thresholds, increasing B and H effectively enhances peak load-bearing capacity and initial stiffness, while exceeding these thresholds yields
negligible improvements. Larger bolt-hole diameters and smaller steel washer dimensions reduce the contact area between the washer and the con-
crete, decreasing both peak load-carrying capacity and initial stiffness. Specimens with cylindrical bolt-holes exhibit the highest peak capacity
and stiffness, followed by cylindrical-tapered hybrid and tapered configurations. The engineering recommendations established are B > 300 mm,
H>250 mm, D <32 mm, and cylindrical-tapered bolt-holes for load demands < 180 kN to reduce installation complexity. The proposed punching
shear capacity calculation formula for the joint was validated as possessing sufficient safety margins, and its computational methodology was con-
firmed as rationally justified.

Key words: concrete modular structure; bolt connection; horizontal connection joint; tensile performance; experimental study

(4% 3% IW)

1111411411111 1111111111111 1111111111111 141111111111 1141111114111 1411111111111 -1 -1 1@ 1

R ]
z 5| F#& 2\ : Ran Mingming,Kou Guangyun, Xiong Feng,et al. Experimental study on tensile performance of horizontal joint ;
o+ Dbolted connections in fully assembled modular construction reinforced concrete[J]. Advanced Engineering Sciences,2025,57 M
¢ (5):38-SL[HHIIM 5 ) AR A . e TR G A BRAS A4 /KR IR Y U2 P BB IR )], TR RL 22 S HOA, :
¢ 2025,57(5):38-51.] H

E gl

114111111111 11111 11111111 -1 111111111 11111111111 1111111111111 -1 1111111111 1111 -1 -1 1@ -



